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A mutant human lysozyme, designated as C77A-a, m which glutathtone is bound to Cys95, has been shown to mimtc an intermediate in the 
formation of a disulfide bond durmg folding of human (h)-lysozyme. Protein dtsulfide isomerase (PDI). which is believed to catalyze disulfide bond 
formation and associated protein folding in the endoplasmic reticulum, attacked the glutathionylated h-lysozyme C77A-a to dissociate the 
glutathione molecule. Structural analyses showed that the protein is folded and that the structure around the disulfide bond, buried in a hydrophobic 
core, between the protein and the bound glutathione is fairly rigid. Thioredoxin. which has higher reducing activity of protein disulfides than PDI, 
catalyzed the reduction with lower efficiency. These results strongly suggest that PDI can catalyze the disulfide formation in intermedtates with 
compact structure hke the native states in the later step of in viva protein folding. 
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1. INTRODUCTION 
Protein disulfide isomerase (PDI), one of the most 
abundant proteins in the endoplasmic reticulum (ER) of 
various cells, has been shown to catalyze formation, 
reduction, and isomerization of disulfide bonds in vitro 
and is believed to catalyze formation of disulfide bonds 
and associated protein folding in vivo[l,2]. The redox 
state of the ER is more oxidative than that of the cy- 
tosol, and glutathione disulfide may maintain the oxida- 
tive environment [3]. However, little is known about the 
mechanism of PDI-mediated disulfide bond formation 
during protein folding in the ER and about the involve- 
ment of glutathione in this step. 
We have focused on the analysis of mutants as a 
model, which mimic folding intermediates of human 
lysozyme (h-lysozyme) with four disulfide bonds: Cysb 
Cysl28, Cys30-Cysll6, Cys65-Cys8 1 and Cys77- 
Cys95. One of the mutants, designated as C77A. in 
which Cys77 is replaced by alanine, was secreted from 
yeast in two distinct forms, C77A-a and C77A-b. The 
former has a Cys95 modified with glutathione and the 
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latter has a free thiol at Cys95 [4]. The oxidation step 
in disulfide bond formation in C77A was suggested to 
involve mixed disulfide with glutathione. Together with 
the recent finding that glutathione disulfide is the source 
of the oxidizing equivalent in the ER [3], C77A-a drew 
our attention because this modification was suggested 
to occur during in vivo folding and the glutathionylated 
protein mimics the actual intermediate thought to be a 
substrate of PDI. 
Here we report a new finding that PDI attacks the 
glutathionylated substrate, which is the first demonstra- 
tion of the in vivo glutathionylation of a protein. The 
characteristics of PDI as an in vivo ‘foldase’ is discussed 
on the basis of the structural analyses of the substrate. 
2. MATERIALS AND METHODS 
Bovine PDI was purified to homogeneity according to the published 
method [5]. E colz thioredoxin was purchased from Takara Shuzo 
(Kyoto, Japan); glutathione (GSH), glutathione disulfide (GSSG) and 
dithtothreitol (DTT) were from Wako Pure Chemical Industries 
(Osaka, Japan). A CM-Toyopearl65OC column and a TSK-gel ODS- 
120T column for reverse-phase HPLC were obtained from Tosoh 
(Tokyo, Japan); an Asahtpak ES-502C column was from Asahikasei 
(Tokyo, Japan). All other chemicals were of reagent quahty. 
The yeast Sacchuronz.vces cererrslae AH22R-(MATa leu2 his4 run1 
pho80)[6] was utilized as a host strain. The expression plasmid of 
mutant h-lysozyme (C77A). m which Cys77 is replaced by Ala, was 
previously described [4]. Modified Burkholder minimal medium [7], 
supplemented with 8% sucrose was used for growth of yeast. 
Secreted mutant h-lysozyme (C77A) was purified as separate forms, 
C77A-a and C77A-b, wtth a CM-Toyopearl 650C column and an 
Asahipak ES-502C cation-exchange column as described [4]. 
PDI- and thioredoxin-mediated conversion of C77A-a to C77A-b 
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were analyzed as follows, Purified C77A-a was mcubated at 37°C for 
an approprtate ttme with 2-fold the amount of purified bovine PDI or 
that of E. coin thtoredoxin m the GSHlGSSG reaction buffer contam- 
mg 100 mM sodium phosphate, pH 7.5, 2 mM GSH and 0 2 mM 
GSSG or m the DTT reactton buffer contammg 100 mM sodium 
phosphate. pH7.5, and 0 1 mM DTT The products of these reactions 
were analyzed by reverse-phase HPLC on a TSK-gel ODSl20T col- 
umn (4.6 mm 1.d. x 25 cm) equthbrated with 15% acetomtrtle and 
eluted at a flow rate of 1 mllmtn wtth a lmear grddtent of acetomtrtle 
(15-55%) contammg 0.1% trilluoroacettc actd for 45 mm 
Amino acid ~olnposltlons of the products of PDI- or thloredoxin- 
mediated conversion were determmed wtth a Beckman Model 6300E 
amino actd analyzer. AnalYses were performed on protein samples 
hydrolyzed for 22 h, in vacua. at 110°C m 6 N HCl. 
Rod shaped crystals of C77A-a were obtained from a buffer solu- 
tion whtch contained 20 mg/ml protem, 30 mM sodtum phosphate. pH 
6 0, and 2.5 M NaCl usmg a mod&cation of the published method [8] 
and seeding techmque The space group was P2,2,2, and its cell dtmen- 
sions were a = 57.2 A, b = 61 .O A, c = 33.2 A The variation of cell 
dtmenston was so slight that the C77A-a crystal was constdered iso- 
morphous to the wild-type h-lysozyme crystal. Diffractton data were 
collected with an automated osctllation camera system equtpped with 
Imagmg Plate (MAC Sctence, DIP-loo) on a rotatmg anode generator 
with a 0.3 x 3 0 mm focus, lndewmg. evaluation of diffractton mtensi- 
ties, scaling and merging Rere done usmg the program systems ELMS 
[9] and PROTEIN [lo]. The diffraction data were 84% complete to 
I.&A resolutton and the final merging R-value was 6.47%. The struc- 
ture of C77A-a was determmed by a molecular replacement method 
with atomrc coordmates of wild-type h-lysozymc [ll] as a startmg 
model using the programs PROTEIN and TRAREF [12]. After sev- 
eral cycles of the rtgtd group refinements. 2Fo-Fc and Fo-Fe maps 
were calculated. These maps showed clearly the electron denstttes of 
the bound ~lutathione molecule The imtral model of the glutathlone 
molecule was constructed from the atomic model of the crystal struc- 
ture of y-I.-glutamyl-L-cystemyl-r-glycme at 120 K [13]. The glutathi- 
one model was fitted to the respective electron densities on an Evans 
& Sutherland PS-300 graphtcs system usmg the program FRODO [14] 
Structural refinements of C77A-a were carried out usrng the stereo- 
chemically restramed least squares refinement method. as tmple- 
mented m the program package PROTIN/PR~LSQ [15] at I 8 tk 
resolution. The refined model finally consisted of the protein, the 
glutathione and 113 water molecules. and the crystallographic R- 
factor was 0.146 for 8,982 independent reflections between 5 0 and 1.8 
A. The root mean square (rms) bond deviation from target value IS 
0.017 A. and 2.6” from ideal bond angles. Therms difference m atomic 
B factors for covalently bonded pairs was 1.4.A’. The coordinate error 
was estimated to be about 0.12 A based on the stattsttcs of Luzzatt ]16]. 
3. RESULTS 
To elucidate the possible involvement of PDI in the 
folding pathway of h-lysozyme, we investigated the ef- 
fect of PDI on C77A-a and C77A-b. As shown in Fig, 
IA, PDI was found to convert C77A-a to C77A-b by 
dissociating the glutathione molecule bound to Cys95 
in C77A-a in the presence of glutathione and glutathi- 
one disulfide. The conversion of C77A-a to C77A-b was 
also confirmed by analyzing the amino acid composi- 
tion of the product obtained from C77A-a after incuba- 
tion with PDI (Table 1). Nevertheless, the reverse reac- 
tion was not observed at all (data not shown). In the 
time course of the reaction, any other protein except 
C77A-a and C77A-b was not found, indicating that 
C77A-a was converted to C77A-b without any shuffling 
of other three disulfide bonds. Figs. 1 B and 1C show the 
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‘Table I 
Ammo actd composition of the product of PDI-mediated reduction 
of C77A-a 
Ammo acid Theoreti- Weld-type C77A-a C77A-b The prod- 
cal values uct 
Asx 18 17.0 17 1 16.8 16.5 
Thr 5 4.3 4.3 4.3 4.3 
Ser 6 45 4.5 4.5 4.5 
Glx 9 87 9.7 87 9.1 
Gly 11 10.3 11.2 10.3 10.2 
Ala 14 13.5 14.5 14.3 13.8 
Val 9 7.7 7.7 7.6 7.5 
Cys 8 5.7 5.6 4.7 4.2 
Met 2 1.9 1.9 1.9 1.9 
Be 5 44 4.4 44 4.3 
Leu 8 80 8.0 80 8.0 
Tyr 6 5.6 54 5.6 5.4 
Phe 2 1.8 1.8 1.8 19 
Lys 5 47 49 4.9 4.9 
HIS 1 1.1 1 1 1.0 1.0 
Arg 14 14 2 14.1 13.6 14.0 
Pro 2 I .9 1.9 19 2.1 
effect of PDI and thioredoxin on the time course of the 
conversion in the GSH/GSSG- and DTT-containing re- 
action buffers. respectively. PDI catalyzed the dissocia- 
tion of the glutathione with higher efficiency in the 
GSHiGSSG reaction buffer, whereas thioredoxin had 
almost no effect on the reaction (Fig. 1B). The redox 
potentials of thioredoxin and PDI are -270 mV and -190 
mV, respectively [ 17,181. Although thioredoxin has been 
shown to have a much higher protein disulfide reductase 
activity in the presence of dithiothreitol than PDI [17- 
201, PDI catalyzed the reduction of the disulfide bond 
more efficiently than thioredoxin, as shown in Fig. 1C. 
These results indicate that there must be some unknown 
mechanism in the PDI-mediated reduction. To the best 
of our knowledge, this is the first time that such an in 
vivo glutathionyIated protein has been shown to be a 
substrate for PDI. Our observations suggest that PDI 
acts on its substrates as an actual ‘foldase’ in the cell, 
using GSH and GSSG as the source of the reducing and 
oxidizing equivalents, because C77A-a and C77A-b 
may mimic a folding intermediate and the wild-type 
protein, respectively. 
Until now, there has been no information on the 
three-dimensional structure of the glutathionylated pro- 
tein. especially on the in vivo folding intermediate. 
Thus, the three-dimensional structure of C77A-a was 
determined and refined by X-ray crystallography at 1.8 
A resolution. The overall structure of C77A-a was es- 
sentially identical to those of C77A-b [21] and the wild 
type, because the rms deviation of main chain atoms 
was 1 .O A. These results indicate that the binding of the 
glutathione molecule to h-lysozyme does not affect the 
overall main chain folding. The atomic structure of the 
glutathione molecule and structural environment 
around the glutathione in C77A-a are shown in Fig. 2. 
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Fig. 1. Dissociation of glutathione bound to CYSTS in C77A-a by PDI or thioredoxin. (A) Trace a: 2 1 PM of C77A-a and 4.2 ,uM of C77A-b were 
separated by reverse-phase HPLC on a TSK-gel ODS-120T column as described m Section 2. Trace b: 2.1 ,uM of C77A-a was incubated in the 
GSH/GSSG reaction buffer as described in Sectlon 2 containing 4.2 ,uM of bovme PDI at 37°C for 45 min, followed by separation as above Trace 
c: the reactlon product obtained as described m trace b was separated as above soon after mixing with 2.1 ,uM of C77A-b. Peaks I and II correspond 
to C77A-a and C77A-b, respectively. Parts of chromatograms are shown here. (B). 1.4pM of C77A-a was Incubated at 37°C in the GSH/GSSG 
reaction buffer with 2.8 PM of bovine PDI (0). with 2.8 ,uM of E coli tluoredoxm (A), and without the enzymes (m) for 0, I .5. 3. 6. 15, 30 and 45 
mm, respectively, followed by reverse phase HPLC to estimate the rate of conversion (C) 1.4 ,uM of C77A-a was incubated at 37°C m the DTT 
reaction buffer as described in Section 2 with 2.8 ,uM of bovine PDI (0). with 2.8 PM of E.coli thloredoxin (A). and without the enzymes (m) for 
0. 1.5, 3, 6, 15. 30. and 45 mm. respectively, followed by reverse-phase HPLC. 
The cysteine residue in the glutathione has almost the molecule. Atomic thermal factors of the glutathione 
same geometry of the disulfide bond compared with molecule are also shown in Table II. Although Glu and 
that of CYSTS in the wild-type protein which has a disul- Gly residues exposed to the solvent region have high 
fide bond with Cys9’. The glutathione molecule makes termal factors, the factor of the sulfur atom (15.8 
a close interaction with the h-lysozyme molecule by A”) was the lowest in the glutathione. Further, the di- 
many hydrogen bondings and hydrophobic interactions sulfide bond between CYSTS and the glutathione 
(Fig. 2). The glutathione molecule had no interaction was surrounded by many hydrophobic residues: Phe57, 
with neighboring protein molecules in the crystal. How- Ile”, Trp@, Leu79, Leus4, Va199 and Trp”’ (data 
ever, the cysteine residue, except the Cal atom, was not not shown). The average thermal factor of the side 
exposed to the solvent-accessible surface of C77A-a chain atoms in the hydrophobic core was 13.6 A’, indi- 
(Table II). Especially, the side chain atoms of the cyste- cating that the structure around the disulfide bond 
ine and those of CYSTS were completely buried in the is fairly rigid. 
205 
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CBZ, 
Ftg. 2. Stereo drawmgs of the atomic structure of the glutathione molecule m C77A-a. (A) a ball and sttck model of the glutathione molecule bound 
to C77A-a is shown. Each atoms are named and labeled as shown. (B) interactions between the glutathtone molecule and surrounding restdues, 
Tyr63, Trpti, Cys9’ and ArgYb are shown. Models of the glutathtone and Cys9’ are indicated by closed bonds and other restdues are Indicated by 
open bonds SIX hydrogen bonds. Including those that are water mediated, are indtcated by broken lines. Two sulfur atoms and the water molecule 
are Indicated by large ctrcles. (C) an atomic model of the glutathrone and the surroundmg restdues withm 12 A from the Sy atom of the cysteme 
residue of the glutathtone is shown. The glutathrone and Cys” are also indrcated as shown m B. 
4. DISCUSSION 
There are several examples of glutathione binding 
free cysteine residues in proteins in vitro, but the glu- 
tathionylation of Cys 95 in C77A-a is believed to occur 
in the ER [4]. It has been suggested that the disulfide 
bond between CYS’~ and Cys9’ may be formed in the last 
step of the folding process of h-lysozyme [22,23]. The 
C77A-a possibly mimics the intermediate just prior to 
the formation of the Cys”-Cys9’ bond, which contrib- 
utes to stabilization of the folded h-lysozyme [24]. To- 
gether with the recent finding that an oxidative environ- 
ment in the ER is maintained by glutathione disulfide, 
glutathione is supposed to be involved in the oxidative 
206 
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formation of disulfide bonds during the protein folding 
step. The participation of PDI in this step is also sup- 
ported by the observation that the glutathione bound to 
Cys9’ is dissociated by PDI. Thus the PDI-mediated 
reduction would lead to the formation of the disulfide 
bond between CYSTS and Cys9’ in the wild-type h-ly- 
sozyme. Further, CYSTS in C77A-b was not glutathionyl- 
ated by PDI, allowing us to suspect that the cysteine 
residues in the folding intermediates are glutathionyl- 
ated spontaneously under the oxidative conditions in 
the ER rather than by catalysis of PDI. 
Results obtained from the crystallographic analyses 
showed that the disulfide bond between Cys” and the 
glutathione in C77A-a was surrounded by hydrophobic 
residues and that the structure around the disulfide 
bond was fairly rigid. Thus it is unlikely that the disul- 
fide bond is exposed to the accessible surface even by 
its thermal vibration, indicating that PDI may induce 
structural change to its substrate prior to the reduction 
of the disulfide bond. There are two possible explana- 
tions how PDI recognizes its substrate: (1) PDI recog- 
nizes some specific amino acid sequences. No sequence 
specificity has been found for the binding of peptides or 
proteins to PDI [25]. However, cysteine-containing pep- 
tides are found to bind 4- to &fold tighter than no- 
cysteine-containing peptides, suggesting that the cyste- 
ine residue contributes to the interaction with PDI [26]. 
Based on our structural analyses, side chain atoms of 
Table II 
Thermal factors and solvent accessible surface area of atoms m the 
glutatluone 
Atom name Thermal factor (A’) Solvent accessible surface 
area (A’)* 
Glu N 30.82 
CU 30.61 
C 32.05 
01 33.64 
02 32.04 
CB 27.28 
CY 23.79 
C6 22.70 
OE 23.10 
Cys N 21.49 
Ca 19.58 
C 21.37 
0 19.68 
CD 16.81 
SY 15.84 
Cys77 in wild- 
type 
12.58 
12.51 
12.13 
12.30 
11.66 
9.73 
0. 
1.57 
0. 
23.22 
22.17 
0. 
0. 
0. 
9.57 
0. 
1.58 
0. 
0. 
0. 
0. 
Gly N 24.84 10.33 
Ca 29.39 7.89 
C 32.86 3.45 
01 34.27 29.56 
02 35.47 38.00 
Cys77 m wild- 
type 
0. 
4.73 
0. 
12 67 
0. 
0. 
*Solvent accessible surface area was calculated by the program ASA 
(H. Mizuno and N. Go, unpublished) usmg a solvent probe of 1.4 A 
radius. 
the cysteine residues are buried in a hydrophobic core. 
In consequence PDI cannot attack the sulfur atoms of 
the disulfide bond directly. This observation clearly in- 
dicates that the cysteine is not involved in the first step 
of recognition of the substrate by PDI. However, PDI 
may recognize the structural features of bound glutathi- 
one exhibited by glutamic acid and/or glycine, because 
they are exposed to the surface of the protein. (2) PDI 
can recognize the energetic state of the substrates, as 
suggested from the study of S protein [27]. The S protein 
lacks 20 amino acid residues of its amino-terminal pep- 
tide (S peptide) of ribonuclease A. Disulfide bonds of 
S protein are found to be shuffled by PDI, while those 
of native ribonuclease A are not, suggesting that PDI 
does not distinguish substrates by their specific se- 
quences but by their energetics [28]. According to this 
model, the observed conversion might be explained by 
the energy state of the C77A-a protein, which is proba- 
bly high enough to be susceptible to structural change 
induced by PDI. 
In the in vitro experiments, PDI acts on pre-folded or 
completely denatured proteins or short polypeptides 
[29], which correspond to molecular species in the early 
step during protein folding. In the present study the 
dissociation of the glutathione bond to Cys9’ in C77A-a 
with a folded structure was found to be catalyzed by 
PDI more efficiently than by thioredoxin (Fig. IB and 
C). Disulfides in various proteins are shown to be good 
substrates of thioredoxin with no substrate specificity, 
whereas structurally buried disulfides are not [30]. Our 
finding described here is the first example that PDI 
appears to catalyze the disulfide formation in intermedi- 
ates, which have become compact, like the native states 
in the later step of in vivo protein folding, while most 
disulfide bonded intermediates already studied were 
open in conformation [31]. From the present evidence 
it is tempting to say that PDI is the real catalyst during 
in vivo protein folding, while thioredoxin may not. We 
believe that these observations will be helpful for a de- 
tailed understanding of the actual mechanism of PDI- 
mediated disulfide bond formation in vivo. 
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